Abstract. Virus isolation, polymerase chain reaction (PCR), immunohistochemistry, and in situ hybridization were compared for the detection of porcine circovirus 2 (PCV2) and porcine parvovirus (PPV) from experimentally and naturally coinfected pigs. All coinfected pigs developed postweaning multisystemic wasting syndrome (PMWS), characterized by sudden onset of depression and anorexia. Microscopically, granulomatous inflammation with intracytoplasmic inclusion bodies was present in lymph node from all coinfected pigs at 32 days postinoculation. Of the 200 tissues from 20 experimentally coinfected pigs evaluated, 99 and 58 tissues were positive for PCV2 and PPV, respectively, by 4 techniques. Virus isolation, PCR, immunohistochemistry, and in situ hybridization identified PCV2 infection in 137, 148, 103, and 129 tissues and PPV infection in 107, 132, 59, and 94 tissues. Of the 200 tissues from 20 naturally coinfected pigs evaluated, 109 and 45 tissues were positive for PCV2 and PPV, respectively, by 4 techniques. Virus isolation, PCR, immunohistochemistry, and in situ hybridization identified PCV2 infection in 144, 155, 113, and 139 tissues and PPV infection in 93, 109, 45, and 82 tissues. Because the characteristic microscopic lesions are important criteria for the diagnosis of clinical PMWS, immunohistochemistry and in situ hybridization for the detection of PCV2 and PPV in formalin-fixed, paraffin-embedded tissues provide confirmation of a histopathological diagnosis of PMWS.
Postweaning multisystemic wasting syndrome (PMWS) is an emerging disease in pigs and was first reported in Canada in 1991 and first described in 1997 as a chronic, insidious, and sometimes protracted disease. 1, 12 Since then, PMWS has been recognized in pigs in Asia and North American and European countries. 1, 8 This disease affects mainly nursery and early growing pigs at 4-16 weeks of age and is clinically characterized by poor body condition, dyspnea, pallor of the skin, and sometimes icterus. 1, 12, 19 It is characterized histopathologically by widespread granulomatous inflammation, multinucleated giant cells, and variable numbers of intracytoplasmic basophilic viral inclusion bodies within infiltrating histiocytes and macrophages. 2, 8, 19 The bulk of the available evidence from naturally occurring and experimental disease 2, 6, 9, 10, 21 indicates that porcine circovirus 2 (PCV2) is the primary infectious viral agent causing PMWS, but predisposing factors are probably necessary to produce the disease. Coinfection of PCV2 and porcine parvovirus (PPV) has been demonstrated in a significant proportion of field cases of PMWS in pigs in Korea and Canada. 7, 10, 18, 19 It has been shown experimentally that coinfection of From the Department of Veterinary Pathology, College of Veterinary Medicine and School of Agricultural Biotechnology, Seoul National University, Seoul, Republic of Korea. 1 Corresponding author. PCV2 and PPV causes more severe lesions and clinical disease in PMWS than infection with PCV2 alone. 2, 14, 21 Therefore, PPV is considered as a cofactor in the full expression of PMWS. In addition, porcine reproductive and respiratory syndrome virus (PRRSV) and nonspecific activation of the immune system have also been demonstrated as cofactors. 1, 13, 20 A comparison of immunohistochemistry and in situ hybridization techniques for the detection of PCV2 in formalin-fixed, paraffin-embedded tissues has shown immunohistochemistry to be more sensitive than in situ hybridization. 22 However, the hybridization probes used were based on the PCV1 whole genomic sequence. 22 Because PCV2 has less than 80% nucleic acid homology with PCV1, 11, 23 probes for detection of PCV2 should be designed based on the PCV2 genomic sequence to compare in situ hybridization with immunohistochemistry. The objective of this study was to compare virus isolation, polymerase chain reaction (PCR), immunohistochemistry, and in situ hybridization for the detection of PCV2 and PPV from experimentally and naturally coinfected pigs.
Materials and methods
Samples. Tissue culture-propagated PCV2, SNUVR000463 and PPV, SNUVR000464 strains were used as the sources of viral inocula. For inoculation, a PCV2 pool containing 1.2 ϫ 10 5 tissue culture in-fective dose 50 (TCID 50 )/ml and a PPV pool containing 1.3 ϫ 10 5 TCID 50 /ml were prepared as previously described. 21 Thirty 1-day-old, colostrum-deprived conventional pigs were randomly divided into 2 groups. All pigs were seronegative for PCV, PPV, and PRRSV. Twenty pigs were inoculated intranasally with a mixture of equal volume of a 1 in 20 dilution of PCV2 pool and a 1 in 20 dilution of the PPV pool. Ten negative-control pigs were inoculated with PCV-free PK-15 cell lysates. All groups were held in separate isolators and examined at regular intervals. All infected and control pigs from each group were euthanized and necropsied at 32 days postinoculation (dpi). Lung, heart, inguinal lymph node, tonsil, thymus, spleen, small intestine, liver, kidney, and pancreas were fixed in 10% (wt/vol) buffered formaldehyde for 24 hr and embedded in paraffin by standard histologic procedures. Inguinal lymph node had previously been found to show consistent and intense hybridization signal for both PCV2 and PPV and the development of typical histopathological lesions. 17 Formalin-fixed, paraffinembedded lymph node tissues from 20 pigs with PMWS from 20 farms were used in this study. All cases had granulomatous inflammation with or without basophilic intracytoplasmic inclusion bodies in lymph node and were positive for PCV2 and PPV in lymph node by multiplex PCR and single in situ hybridization. 6, 18 Virus isolation. Samples of lung, heart, inguinal lymph node, tonsil, thymus, spleen, small intestine, liver, kidney, and pancreas were collected for virus isolation as previously described. 3 Five serial passages were carried out in PK-15 cells with glucosamine treatment. Cultures were fixed in 80% acetone and tested for PCV2 and PPV by in situ hybridization as previously described. 15 Porcine circovirus-free PK-15 cells a were used to isolate PCV2 from tissue suspensions.
Deoxyribonucleic acid extraction. For each pig, a 10-m-wide section of lymph node was prepared from paraffin-embedded block, and excess paraffin was trimmed. Sections were placed in 1.5-ml sterile tubes. The microtome blade, tweezers, and other equipments that could come into contact with the samples were carefully cleaned before processing successive tissue block. Extraction of deoxyribonucleic acid (DNA) from formalin-fixed, paraffin-embedded tissue was conducted as previously described. 16 Primers. The primers were designed based on the PCV2 (GenBank accession no. AF027217) and PPV (GenBank accession no. D00623). For conventional PCR of PCV2, the forward and reverse primers were 5Ј-TCAGACCCCGTTGGAATGGT-3Ј (nucleotide positions 818-837) and 5Ј-CAATCCCCCAACCCTTC-TCC-3Ј (nucleotide positions 1271-1290), respectively. The nested primers amplified a 351-bp fragment that was in the 473-bp region amplified in the first reaction. The forward primer was 5Ј-AGTTCGT-CACCCTTTCCCCC-3Ј (nucleotide positions 1242-1263). The reverse primer for nested PCR was the same as the reverse primer for the conventional PCR.
For conventional PCR of PPV, the forward primer was 5Ј-AAATGAATCTGGGGGTGGGG-3Ј (nucleotide positions 2849-2868), and the reverse primer was 5Ј-CCAGTCCGCTGGATTGAACC-3Ј (nucleotide positions 3145-3164). The nested primers amplified a 219-bp fragment that was in the 316-bp region amplified in the first reaction. The forward primer was 5Ј-TACTTGGGGGAGGGCTTGGT-3Ј (nucleotide positions 2946-2965). The reverse primer for nested PCR was the same as the reverse primer for the conventional PCR.
Polymerase chain reaction. Ten microliters of the supernatant containing extracted DNA was used as PCR templates in the first reaction, and 10 l of the product was used for the second reaction. The amplification was performed in a 50-l reaction mixture containing 1.25 mM MgCl 2 , 1ϫ PCR buffer, 0.2 mM of each deoxynucleoside triphosphates, 1 M of each primer, and 2.5 U of Taq DNA polymerase. b Both reactions were run in a thermocycler c under the same conditions: 35 cycles of denaturation at 95 C for 1 min, primer annealing at 65 C for 1 min, and extension at 72 C for 1 min. The PCR was ended with a final extension step at 72 C for 10 min. The PCR reactions were performed in triplicates. Control DNA from the reference strain for PCV2 and PPV was included in each reaction. Polymerase chain reaction products were purified using a 30-kD cutoff membrane ultrafiltration filter. The nucleotide sequences of the purified PCR products were determined using an automatic sequencer. d The sensitivity of detection of PCV2 and PPV with the primer sets was tested. A dilution series of tissue culture-grown virus was made in culture medium. From each dilution, nucleic acid was extracted and an equivalent aliquot was taken for TCID 50 assay. In the specificity studies, PRRSV, porcine epidemic diarrhea virus, transmissible gastroenteritis, rotavirus, and classical swine fever virus were tested with primers for PCV2 and PPV.
Immunohistochemistry. Tissue sections were deparaffinized in xylene, rehydrated through graded alcohols, and air-dried. Endogenous alkaline phosphatase was quenched with 20% glacial acetic acid solution for 2 min at 4 C. All slides were then incubated with normal mouse serum in phosphate-buffered saline (PBS) (0.1 M, pH 7.4) for 30 min at room temperature to saturate nonspecific protein-binding sites. A monoclonal mouse anti-PPV antibody e and monoclonal In situ hybridization. In situ hybridization for PCV2 and PPV was carried out as previously described. 7, 15 
Results
Clinical signs and gross lesions of PMWS were observed in 20 pigs coinfected with PCV2 and PPV at 32 dpi, whereas 10 negative-control pigs that received uninfected cell lysates remained clinically normal. In the coinfected group, 12 pigs became anorectic at 22 dpi. By 26 dpi, the remaining 8 pigs became anorectic. Tracheobronchial, mesenteric, mediastinal, and inguinal lymph nodes were moderately enlarged and pale in coinfected pigs at 32 dpi. No clinical signs or gross lesions were seen in negative-control pigs.
The most striking lesions consisted of multifocal granulomatous inflammation of the lymph nodes, ileal Peyer patches, tonsil, and spleen, associated with infiltrates of epithelioid macrophages and multinucleated giant cells. There were intracytoplasmic and intranuclear amphophilic inclusion bodies in epithelioid macrophages and multinucleated giant cells. Granulomatous inflammation was observed in the lymph nodes of coinfected pigs at 32 dpi. No microscopic lesions were seen in negative-control pigs.
The semi-nested PCR test was able to detect 2.6 ϫ 10 Ϫ4 TCID 50 /ml of PCV2 and 2.3 ϫ 10 Ϫ4 TCID 50 /ml of PPV. Neither the outer nor the inner primers crossreacted with any of the viruses tested in this study. Primers of PCV2 did not react with PPV tested and vice versa. Tables 1 and 2 (Fig. 1) .
Of the 200 tissues from 20 experimentally coinfected pigs evaluated, 148 (74%) and 132 (66%) were positive for PCV2 and PPV by PCR, respectively. Of the samples that were positive for either PCV2 or PPV, 127 were positive for both PCV2 and PPV, 19 were positive for PCV2 only, and 2 were positive for PPV only. Of the 148 tissues positive for PCV2 by PCR, 137 tissues were virus isolation positive and PCR positive, and 8 tissues were virus isolation negative and PCR positive. Of the 132 tissues positive for PPV by PCR, 107 tissues were virus isolation positive and PCR positive, and 25 tissues were virus isolation negative and PCR positive. Of the 200 tissues from 20 Porcine circovirus 2 and PPV antigens were detected in tissues from both experimentally and naturally coinfected pigs by immunohistochemistry. Positive cells typically exhibited a red reaction product, mainly in the cytoplasm but occasionally in the nucleus, without background staining. Positive cells had large nuclei with abundant cytoplasm, which resembled macrophages. Porcine circovirus 2 ( Fig. 2) and PPV were detected consistently in lymph node. The intensity and extent of PCV2 and PPV antigen staining in other organs were less than in the lymph nodes. Of the 200 tissues from 20 experimentally coinfected pigs evaluated, 103 (51.5%) and 59 (29.5%) were positive for PCV2 and PPV by immunohistochemistry, respectively. Of the samples that were positive for either PCV2 or PPV, 57 were positive for both PCV2 and PPV, 44 were positive for PCV2 only, and 2 were positive for PPV only. The sensitivity of immunohistochemistry compared with virus isolation was 75.2% for PCV2 and 55.1% for PPV. Specificity compared with virus isolation was 100%. Of the 200 tissues from 20 naturally coinfected pigs evaluated, 113 (56.5%) and 45 (22.5%) were positive for PCV2 and PPV by immunohistochemistry, respectively. Of the samples that were positive for either PCV2 or PPV, 45 were positive for both PCV2 and PPV, 25 were positive for PCV2 only, and 4 were positive for PPV only. The sensitivity of immunohistochemistry compared with virus isolation was 78.5% for PCV2 and 48.4% for PPV. Specificity compared with virus isolation was 100%.
A hybridization signal for PCV2 and PPV was detected in tissues from both experimentally and naturally coinfected pigs. A strong hybridization signal for PCV2 and PPV was detected in the cytoplasm of macrophages and multinucleated giant cells in lymph nodes. The hybridization signal for PCV2 and PPV (Fig. 3) was particularly consistent in lymph node. The intensity and extent of PCV2 and PPV nucleic acid labeling in other organs were less than in the lymph nodes. Of the 200 tissues from 20 experimentally coinfected pigs evaluated, 129 (64.5%) and 94 (47%) were positive for PCV2 and PPV by in situ hybridization, respectively. Of the samples that were positive for either PCV2 or PPV, 90 were positive for both PCV2 and PPV, 35 were positive for PCV2 only, and 4 were positive for PPV only. The sensitivity of in situ hybridization compared with virus isolation was 94.2% for PCV2 and 87.9% for PPV. Specificity compared with virus isolation was 100%. Of the 200 tissues from 20 naturally coinfected pigs evaluated, 139 (69.5%) and 82 (41%) were positive for PCV2 and PPV by in situ hybridization, respectively. Of the samples that were positive for either PCV2 or PPV, 82 were positive for both PCV2 and PPV, 56 were positive for PCV2 only, and 1 was positive for PPV only. The sensitivity of in situ hybridization compared with virus isolation was 96.5% for PCV2 and 88.2% for PPV. Specificity compared with virus isolation was 100%.
Discussion
In the field of diagnostic pathology, fresh or frozen tissue is not always available. Formalin fixation is the standard method for tissue preservation in veterinary pathology, and this material forms the major source of tissues for many studies. Tissue specimens have been preserved by formalin fixing and paraffin embedding for over a century, and these formalin-fixed, paraffinembedded tissues represent a historical collection of virtually every swine disease. With appropriate consent, these specimens are available for investigation as new technologies develop for diagnosis. During recent years, formalin-fixed, paraffin-embedded tissues have proved an invaluable source of DNA for the identification of infectious agents. 16 Therefore, the application of diagnostic methods to formalin-fixed, paraffin-embedded tissue is desirable.
Diagnosis of PMWS is made by clinical disease in pigs and microscopic examination of tissues, followed by specific identification of PCV2 within tissue lesions by immunohistochemistry or in situ hybridization from formalin-fixed, paraffin-embedded tissues. 1 The detection of PCV2 from tissues by virus isolation and PCR does not necessarily confirm a diagnosis of PMWS because PCV2 can be of a high prevalence in healthy pigs. 1, 18 Virus isolation is laborious and may require several weeks to perform. Furthermore, virus isolation does not necessarily confirm a diagnosis of PMWS as described above. In case of PCV2 and PPV, a distinct cytopathic effect was not observed in the cell culture, therefore requiring further serological identification using either indirect immunofluorescence or in situ hybridization to finally detect PCV2 and PPV. 3, 15 Polymerase chain reaction demonstrated PCV2 and PPV DNA in lymph nodes, whereas immunohistochemistry and in situ hybridization revealed that antigen and DNA of PCV2 and PPV were detected in macrophages of lymph nodes. The information provided by immunohistochemistry and in situ hybridization is more specific than that obtained by PCR. In contrast to PCR, these methods provide cellular localization and relative level of expression of specific viral genes in tissue sections. [6] [7] [8] 16 This information thus derived about temporal and spatial expression of the viral DNA often suggests a molecular role for viral DNA in the development of PMWS.
Polymerase chain reaction may be more sensitive for the detection of PCV2 and PPV than immunohistochemistry and in situ hybridization in the present study. Extraction of DNA from formalin-fixed, paraffin-embedded tissues is well documented and is now a routine diagnostic process. 16 Although several factors influence the sensitivity of PCR from formalin-fixed, paraffin-embedded tissues, 4,16 the PCR preparation represents a larger portion of the lymph nodes, thus increasing the sensitivity, whereas tissue sections are representative of only a 5-m cross section for immunohistochemistry and in situ hybridization. However, PCV2 can be detected in lymph node from normal pigs without clinical PMWS by PCR. 5 When interpreted in conjunction with characteristic histopathological lesions in tissues, PCR may be considered an alternative tool for the detection of PCV2 and PPV in pigs with PMWS.
Immunohistochemistry and in situ hybridization were useful for establishing a confirmed diagnosis of PMWS. A comparison of immunohistochemistry and in situ hybridization techniques for the detection of PCV2 and PPV in formalin-fixed, paraffin-embedded tissues has shown in situ hybridization to be more sensitive than immunohistochemistry. Furthermore, monoclonal antibody against PCV2 is not yet commercially available. Use of in situ hybridization is largely restricted to the diagnostic laboratories because this technique involves greater technical complexity and expense compared with immunohistochemistry. The ease of preparation of DNA probes by PCR compared with the generation of monoclonal antibodies and production of ascites fluid, combined with the increasing availability of probes and sequence databases, ensures the expansion of this technique in diagnosis and research. The use of digoxigenin-labeled probes avoids radioactive materials and renders the technique easily transferable to diagnostic laboratories performing immunohistochemical procedures.
Because the characteristic microscopic lesions are important criteria for the diagnosis of clinical PMWS, 1 immunohistochemistry and in situ hybridization should be considered a better technique than PCR to diagnose clinical PMWS cases. Therefore, immunohistochemistry and in situ hybridization for the detection of PCV2 and PPV in formalin-fixed, paraffin-embedded tissues provide confirmation of a histopathological diagnosis of PMWS.
